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1. INTRODUCTION

Recent a c t i v i t y  in  the equa to r i a l  s c i nt i l l a t i o n  s tudies

was enhanced by the discovery of s c i n t i l l a t i n g  g igahe r t z

frequency radio signals (Skinner et a!., 1971 ) and by the

new and fascinat ing experimental and theoretical results

for the irregular structure of the equatorial ionosphere .

Several papers reviewing equatorial scintillation phenomena

and theory and measurements of equatorial irregular ities

were published recentl y by Parley et al., (1970); Rasu and

Kelley . (1977); Basu and Kelley (1979): Ossakow e~t a!.,

(1979) ) . Interested readers should refer to these papers

for more detailed references. In Section 2 onl y a br ie f

suninary of resul ts pert inent to the future disCUSsiOfl is

given . As will beromt- . v i d t nt  , equatorial irregular structure

can not be considered .is random , ma inly bec,i t ise  of the pres-

ence of sharp gradients of electron concentr .it ion . Under

such ci rcumstances , a t i e ?  . ‘r m i n i st  i~~
- approach to scintilla—

tiort is certainl y more correct . The approach used in this

report is based on the assumption of valid ity of the para-

bolic equation describin g the complex wave amp litude for a

wave propagating in .1 model irregular ionosphere . The model ,

which is deterministic . i s based on the available satellite

tn-situ data and other experimental and theoretica l informa-

tion . It is described in Section 3. Section 4 and the

Appendix discuss the numeric al method , algorithm and computer

pr¼ )lram used to solve most efficiently the parabolic equation .

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ --- -
~~~~~~~
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As shown in Section 5, model l ing proved clearly the

importance of the presence of sharp horizontal electron

concentration gradients in producing strong scintillation

of gigahertz frequency radio waves. Although the model is

deterministic , some st atistical parameters of radio waves

have been computed , and frequency dependence of the scintil—

lat ion i ndex was found t o  be in good agreement with observa-

t ions .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2. SUMMARY OF CURRENT EXPERI MENTAL AND THEORETICAL
UNDERSTANDING OF EQUATO RI AL IRRE GULARITIES

Most information about the irregular structure of the

equatorial ionosphere has come from back-scatter radar and

in-situ satellite and rocket measurements. Several campaigns

V of simultaneous measurements of different types provided

deeper insi ght into the nature of equatorial irregularities.

Jicamarca back-scat ter radar data show that 3-rn size irregu-

lar ities initiall y , right after sunset., occupy relative ly

thin layers below the P-laye r peak which rap id ly , sometimes

in  a ma tter of severa l m i nu tes , thickens to several hundred

k ilometers cxtend i nq well abov - the F-ot’ak (Fan cy et al.,

1970; Woodman and l.a Ho?., 1976). The ex t ended  irregular

s t r u c t u r e s  a r e  c a l l e d  “ p l ume ’; , ° w h i c h  u s u a l l y move with

the veloc ity of the order of 100 ms 1 , oce.ision a l !y  ex-

ceeding 300 ms 1 . S i m u l tan e o u s  VHF s c i n t i l l a t i o n  measure-

ments (Basu et a!., 1977) show that .u~ lon g as the ir r i . ’ iu l a r

layer is thin scintillation intensity is low or moderate

and the fading rate is small. However, the stage ot f u l l y

developed plumes is accompanied by intense ( -20dB on VHF)

and rap id scintillation . At t imes of intense VHF scintilla-

tion , gigahertz frequency radio signals also scintillate .

This scintillation is unexpectedly stronq, exceeding 8 dB

at 1.5 GHZ and 4 dR at 4 GHz. Scintillation indices as

large as 0.74 at 1.5 GHz and 0.63 at 4 GUZ were reported

(Taur. 1976). Evidently, in such cases, the weak scattering

scint illation theory is not valid. Discussion of possible

- V 
~~~~~~~~~~ • V _  VV~ -VV~~ V~~ ~~~~~~~~~~~~ ~~~~~~~~~ — - _ _ _ _ _
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causes of strong gigahertz frequency scintillation is one

of the o bj e c t s  of t h i s  r e por t .

I t  has been poi n t e d  out ( I3asu et al., 1978) that 3—rn

and k m — s i z e  i r r e g u la r i t i e s  responsible  fo r  VHF s c i n t i l l a t i o n

coexisted o n l y  in  the developing stage of plume , and in the

l a t e r  e v e nin g  hours  s c i n t i l la t i o n  d i d  not corre la te  w i t h

p lumes .  T h i s  led f4asu et al . to speculate about the change

of t he  c u t — o t t  s c al e  s i ~~~ of t h e  i r r e g u l a r i t y  spectrum.

I n - si t u  rocket and s a t e l l i te  measurements  provided

f u r t h e r  i n f o r m a t i o n  about equatorial irregularities.

~~~ o- h  data showed that irregulariti e s are usually asso—

• - d with I , t z - .le I’- p I • - t  i ons  of he el oct ron concen t ra t ion

known as bubhl .-~; (McClure et i i .  • 19 77) - These bubbles

n~~ve upw a r d and westward with th e  velocity of the order of

1 .~~) ms I wit h r..~;pect t ut the hack.;round plasma (w h i c h  a t

r~ i ih t  r o t a ?  es - ,e;t ward ) - The h,;erved east —wes t  s i z e  of

the bubbles ra;lr;e~; f r o m  10 to  severa l  hundred  k i l o m e t e r s  and

t h e  dep l e t i o ns  in  bubbles  up t o  t h r e e  orders  of magni tude

were observed . Fi i i ire  I i l l u s t r a t e s  the  i r r e g u l a r  struc-

!~ ir~’ in s i d e  the bubble .  The very sharp  g r a d i e n t s  and the

e.- .ik s ar e  the most s t r i k i n g  f e a t u re s .  Si m i l a r  s t ruc tures

have been observed bel ow the F-teak during the rocket flights V

(Cost a and Kelle y , 1 97R). Costa and Kelley (1978) have shown

t h a t  these k i n d s  of structures have a one-dimensional power

sp e ct r u m  of the  f o r m  k 2 , r esembl ing  the  spectrum of turbu-

l e n t — l i k e  i r r e g u l a r i t i e c .  Prom the  p o i n t  of view of the

scint illa tion t heory, thi s is a very important result. The

irregularity power spectrum plays a very important role in

_ _
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the statistical theory of scintillation which makes use of

the statistica l properties of a med ium to de r i ve  s t a tis t i c s

of a s c i n t i l l a t i ng  wave . I t  is assumed tha t the i r r e g u l a r -

i t ies  are random and the  background med i um is homogeneous ,

or at least locally homogeneous. h owever , i n the presence

of sharp elec t ron concentration gradients none of these two

assumptions axe exactl y valid , and th e sc i n t i l l a t ion theory

based on othe r models may be more appropriate for the situa-

tion . furthermore , mechanisms other than scattering and

diffrac tion have been suggested to be effi cient in producing

scintillation (Cr.sin et al ., 1979). Th i ,; point is discussed

in more detail later on .

Recent s imu It .tneous t ot al e lect i ~n cent (~nt , a i rq low ,

and scintillation measurement s prey ided t iii thor evidence

that irreqular it es responsible for seint il la t ion are asso-

ci ated with dep letions in (-loetV ron concent~~at  ion (Koster ,

1976 ;  Webcr et al .. 1978; Yeh ot al ., 1 979). This asso-

ciation i s esne’ciallv clear in the prem idnight period .

Theoreticians were very ~txrcex ;sfu1 in explaining the

observed irregular structure of the equatox ial ionosphere .

The hierarchy of plasma ins tabiliti e s s ugg est ed  by Haerendc l

(1974) could produce a wide spectrum of obseived irregu-

lari ties . First in the hierarchy is the collisional Rayleigh-

Taylor instability, which acts on the steep bottomside gradient

of electron concentration and produces large-scale verti-

cally oriented irregularities with sharp horizontal gradients.

Favorable conditions for the cross-field instability are

_ _ _ _ _ _ _ _ _  _ _ __ _ _ __ _ _ _
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t -r e a t e ’d . T h is  kind ol in stab ility leads to i r r e g u l a r i t i e s

w i t h  w a v e — v e c t o r s  o r i e n t e d  v e r t ic a l l y  and s i ze s  roughly

between 0 . 5 to s km.  When t h e  a mp l i t u d e  of these irrequ—

l~ir it i es i s  l a rge  enough , the  co l l i si o nl e s s  R a y l e i g h — T a y l o r

i nstabi Ii ty become,; act ivy and produces irregularities with - V

s x ; t - s  50 to  500 m.  ri n all y , kin .- ? ic drift waves can grow

u~~ n t hese i rreuu t a r  it x o; a t  t or t hey roach large amplitudes.

I regular i t i o~; ge-ne rat -d by t h i S meehan i sm will have sizes

c o m p a r a b le  t o t ho i c ix iv  ro — rad i us ( sev er a l  meters)

Numerica l sim ula t ion  ot  the c o l l i s i o n a l  Ray l e i g h —

r. i v  b r  i n st a b  x l i t  y (c  - . :-cannap I 0Cc) and Ossakow , 1976;

0,;, ;  ~ ot  a t  , 1 ‘~7~~) showed t h at  or  x gina liv hot tomside

I a sm~i d.’p I e t i nxs  -an I I so h. -yond  the  F peak - Figu re  2

T orn x s s , i k  c t  - i i .  ( 19 7 9 )  show s the  ev o l u t i o n  of a bu~~~le .

l . - r c e nt a  ;o d c p l , t i~~ C5 e; l ax ~ .
- is RY ’. was reached and the

ri ,;~ ve l o c i t y  o~ th e - l ubt i e was 160 ms 1 
- Note the sharp

• - l . -ct ion c o n c.-n t  r .0 i c n  x x  i d e - :~ t on t h e  l e a d i ng  edqe of the

1)111)1) Ic - An anal yt  x c ~i l sK de 1 o t upr  i s x nq bubbles has been

( h . - v C  loped by C) ? t ( I  97 8)  i n  he collision—dom inated and the

~o l L i s i o n I e s s  cases. Kelley and ott (1978) showed that

ri sin g bubbles  ‘ t o n i - r a t e ’  a wake w i t h  vor t ices .  O r i g i n a l l y ,

SUc h vor t  ices  have a cha tart en St x c  size of the order of

the bubble S170 . In the presence of t he  back ground plasma

h .’n - :it y, gradient v or t i c e s  w i l l  m i x  reg i ons of d i f f e r i n g

den~;ity and create d en s i t y  i r r e g u l a r i ti e s  w i th  wavelengths

both larger and sm a l l . ’ ,  t h a n  the  o r i g i n a l s i z e  of the bubble.

The power sp ectrum of d en s i ty  i r re q u l ar i t i er  w i l l  be
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proport ional to k l t o t  irregularities with sizes between

th e bubble s i ze  and the dissipation scale (28 m for the

case considered by KelIt-y and O t t ) .  This  seems to con t rad ic t

the observed k 2 spect rum bu t , as poin ted out by the authors,

steepening of the spect rum is most l i k e l y due t o  the sharp

ed ges of bubbles .
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L BAS IS OF THK SCINT I I.I.ATION MODEL

The scintill ation theory relates statistics of the wave

parameters to statistics of the dielectric permittivity

tiuctuations and , therefore , of electron concentration

fluctuations . It dit -l ec - t i ic p erm itt iv aty fluctuations

( .  , z) can b.- c -un?; a dt- x ~~ as .i Gauss i an random field , then

sLi t i S t i . ’s o t  e • m d  th erefore of  t h e  comp le .x  a m p l i t u d e ,

a l e -  com p l e - t t - l y d - t  . - r m i  rx -d by t h e  I i r 5t  two moments of the

tm- Id: its mean and .nxt  ucOl  x m - l at ion Iunct ion or structure

u r i c ?  t or i  - I f  i t  i s I u t t her a ssume d that the field is homo—

i.  -net  cus  • i n:; tead hi’ ant ( )~~-O t r - l a  t i on or st ruct ure function ,

ho power Mj’ect rum c.mn ho used . T h i s  assumpt  ion is always

ma ’t.- in  t h e  s~- i n t  i l l a t  ion  t t i e - e e i v .  I t  p r e v e n t s  us f r o m  con—

i d e - i  m c i  th e f ii’ I e i ~; o f  . w i t h  sb -ax p qi  adA e-n t s, because in

h i s - a ~;e - 
• • S cc - t t a t xi 1 ‘, x nhomoqeneous - On the other hand

c- I c -c t  T or i  cone - i-nt rat ion tr act i o n ? s -ire the most pro—

rxe unc,-,l f e a t  u res  i c E  t tic - i r z ‘-~ cx tar c’quelt or x a I ionosphere.

C on s e q u e n t l y ,  some new approach to the scintillation is

f li ’c~~~~ * ’ ( j  - In  add it i’ en to t hat  , s har p  di  s con t  I nu i t  t es in r

In ç cr o < l ’i c c  qua  1 a t it i ~~V O  I y new effect s leading to scintilla—

t io n  ( C r - i  in c t  ml ~ O~ ) -

In the rest C the ; sect ion , the basis for the scintilla—

ion mode l free from a-;smimpt ions on stat istacS of

loped .

1 .1  P a r a b o Li c  f:(j u at ion

A s t a r tin g  p o i n t  fo r  our considerat ion is the so—called

p ar a b o li c  equa t wn ( c f .  T at a r sk i , 1971). For a wave propagating

_ _ _ _ _ _ _ _  _ _ _-

~~~~~~~~~
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in the z direction , i t  takes the form

C U
—2i k — • •~~ 1 u a ( 3 . 1 )

4 2

where u is the complex wave amplitude , 
~~~~~ ‘- - ~~~ 

is  the di-

electric po r r m i t t i v i t y  variation r e l a t iv e  to some reference

value  ~~~~~~~~~ 

~~ the.’ transverse t i m  the direct ion of prop m-

q a tio n  p ar t  of the L ap l a c i an  o pe t a t o i , an d k .~~/ A  i s the

wave n umbe r in  the  r e fer en c e  med i um.

To apply  (3 .1) it as requited (Tatarski , 1971) that:

( A )  t he  cha tact c-i is t i c scm 1. o f  , var  i ~~ ions a s much

la rge r ban t t ie  - wave 1 ef lqt  Ii -

(B) wave at t e n na  t io n  due  t o  the ‘r esi  - t i e s -  of  I rrequ—

l a n  t ie-s is sma 1 1 e v e r 1 d i:; ? ~i f l c e eqU~t 1 to the

wave I. - xc ‘it h -

In add it ion , two so I i - i s - n t  cond i t  i i  ~ns m u st  I c c  - sat is I

( C)  t h e  power re- f lec - t i- el t ick is m g i  iqib le ,

(Dl the Fns�sne l .i l -Iero ~~l~~.i? ion  i s valid .

I ~ cond i t  oxiS (A) — (1) ) are sat is f ted , equation (3. 1)

can be used i: any med turn , st ochast  i c  or d.-t s-rmi n 1st IC.

I n the s t o c h a s t i c  med i um , t h e  reference c l i c ’ l s - c t r a c  p e r—

m itt i v i  ty is simply t h e -  aver  m g i -  Va I iii’ • wh i i s -  in  t he d e t e r —

mtnlsti (- med ium it can he any value . In cur calcula t ions

- , ~ has been chosen to be ~ elu. i l to 1, w h i c h  is the va l ue

- assumes outside the irregular reqion .

Condition ( A )  requires ‘ = .  1 ( V s  ~-l  to be much larger

tha n the wave leng th .  C o n d i t i o n  (0) is s a ti a f ied  whenever

(cf. Tatarski , 1971)
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- - 1 , ( 3 . 2 )

and , i t  onl y k ’ -  - 1 , this inequality is valid even in the

t a r  zone where a d i s tan c e  L traversed by a wave is larger

than (ki ) 1/2

C o n d i t i o n s  (I s ) .t tcst  (C )  are much more d i f f i c u l t  to

t i  s cus s  - To have r;omm ’ imprm -ss ion about the order of magni-

tude c i f  wctve at t t-nuat ion in a determinist i c • med i urn , con—

~~i c t t ’ i  t he- case’ when a is a Gaussian function of x and y

(x ,y) • ~~~~ exp (— , ~/r )  ~r (x,y) (3.3)

i n - i  thi s i r r e m j u l ar  i t  ‘,- .-xt end:; t h roughou t  a d i  st ance L in

t h e  i ir e -t  ion  o f ~- r s g e a ;a t  t o n .  M o nt  of t h e  attenuation re—

,- ;ults rom t h e  sin g l e - c a t  t i ’ r in g , the re -lor e , if the power

x act t-d I rc’r t h e ’ in.’ i e t ~~ t ’i t  w -m v e ’  by i nq le scattering is

;m.i 11  ev e - :  c c l i : ; ? i nc . - equal to the w a v e - l e ng t h , the condi—

a-ui (II ) is sat i,; t i ”et. A ssum ina that the Fresnel approxi—

~.mt ton is val id , a single scattered wave field is given by

t h e  e. jilat ion

u 1 ( - , 1.) e —~—--.- — —_— ( a ‘ , , ‘ ) exp I — V_~~~~ — V- 1 d;’
4 —  L — z ’ .L. 2 ( L—z ’)

(3.4)

wh e t s -  a t ,  is  constant for .i p lan e  incident wave. For sim—

; c i i c i t y ,  we set - O , therefore , the upper estimate of the

sca t t e r e d  power i s  ob ta ined . S u b s t i t u t i ng ( 3 . 3 )  into (3.4),

i n t e g r a t i n g  and t . i k i n c i  the  absolu te  va l ue of u 1 leads to

the result

— ~~~~~~~~~~~~~~~--~~~~~~~~~ -~~~—— - — — -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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-—  - - - - -  - ° ~~~~~~~~~~~~ ( 3 . 5 )
u 160

1 + (2 L/ r ’ k ) ’, ~ — arctan (2L/r k).

which  is the  f r a c t i o n  of ’ the ’ in c i d e n t  power a t tr ib u t e d  to

a s ing le s c a t t e r i n g. The inver se  e u  the extinction length

d is o b t a i n e d  by d i v i d i n g  ( 3 . 5 )  by the- s l a b  t h i c k n e s s  L.

Ex tinction length is a measure of the wave attenuation.

If d~~ / k-- - 1 cond i t  ion (Ii) i : ;  sat i s t  ied.

Consider firs t the case 2L ckr~~~~1. It is easy to show

t h a t  i n  t h i s  case

d~~ /k k L -  ~~~ / 4 .  ( 3 . 6 )

I f ( 3  - 6) is mul t i p lie - ct and (I lvi dc-d by ‘k t , t he cond i t ion

(B) can be writ ten in the tot lowing te rm

k r .  ..~~~ .‘l.
-‘ - 1. ( 3 . 7 )

8

Note- that an i rr c- auil.i r i t y of size r causes the phase

change k r -  - ‘2. T her e f o r e , i fle setual ity (3 .7) means that for

2L/kr~~~.V l , the condition (B) is c ,m ti s f led even for large

phase variations introduced by a single- irregula rity.

For 2L/kr~~ ’-l the value of d~~ /k can be approximated

by the following expression :

— l  k~~r~~V~ , - c n (2L/kr )
d /k - -— ----—---- - I~~n (2L/kr H 2 k J..m I— I

4 l~ 2 1./kr ’

( 3 . 8 )

and the condition d 1/k- - 1 means that the total phase chanqe

can not be exceed ing ly large.

______________________ 

~~-
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To discuss condition (C) again , assume the Gaussian

irregul arity. One t’ati expect that , whenever the scattering

angle is small not too much power is reflected back To

estimate the scattering ang le note that in the plane

y const it can be expressed in terms of the phase ~ by

V 

— - -‘- ( 3 . 9 )
k •~x

where  ~ k 1 L/ .~. I : i  c - u i  i r r e - q u l a r i t y  model , the scattering

, i r a g l e  i s  m a x i m u m  for y-c O and x r/.~~, where i t  assumes the

v S -i 1 ut-

1. k L  
~

- 0.46 ~ 0.46 . - ( 3 . 1 0 )
r kr

( c m f l c l  i t  ion ( C )  I S ‘;a t i i i eat  provided ‘max - 1 - I t  is c l e a r l y

se-e’n r e m  ( 3 . 1 0 )  t h a t  w i t h  k r - - i  t h i s  p u t s  a l i m i t  on the

t cu t a 1 phase change-

W it ii strong i rree~ular it it-s f i l l  ing up the extended

bubb l e s t r u c t u re s , u s su m p t i o ns  lead i ng to the parabolic

e.;uat ion could be v i o l a t e d  espe ’ - a a l l y at lower frequencies.

In  fact , condition (B) is violated an our model calculations

when s c i n t i l la t i o n  at a fr e q u e n c y  of 1 36  MH z as considered

t o  be due t o  i r r e q a i l a r i t  ies at the center of the w e l l —

ct e ’v e  I • g i e ci  bubb le  (s-ct i on 1 - # )  . A roug h est imate shows

t h a t  in  t h i s  c ,~~~e’ d~~~/k  i s  larger t h a n  one for  i r r e g u l a r i ti e s

w i t h  t he  scale s iz e  sma l ler  t h a n  200 rn.

3 . 2  I r r e g u l a r i t y  mode l

A p a r a b o l i c  equat ion can be solved numerically only if

(c ,z) i s  known at each point of a three-dimensional space.

-~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~ -V -  ~~~~~~~~~~~~~~~~~ -—  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Because of the direct proportionality to electron concen-

tration fluctuations N , can be determined provided AN

is known from measurements. Unfortunately, satellite and

rocket in-situ measurements ‘;ive information onl y about ‘N

along the satellite (rock -t) path. Any attempt to obtain

from these data a three-dimensiona l structure of irregu-

larities would involve assumptions about their statistics.

This is feasible if the data show randomness of AN. Figure 1

clearly shows that thi s is not the case : in iddition to

the large scale t rend , sharp gradients of .-N are present

inside the bubble.

The two—dimensiona l mode- 1 •ido; t ccl I or our ca icu 1 at  ion

is very simple. It i s assaime d t hat at c-ach height the ho:- i —

z o n t a l  r e l a t i ve  variation s of e l a - e t r o n  c o n c e n t r a t i o n  P ’N / N

are the same as those d i s p lay e d  in  F i g u r e  1. The concen-

t ra t  ion at  t h e  bubble -  ‘ s e ’d ge -  i taken i s  a I e u e rence . A l  low—

ance is made f or  i t s var i.it a ins  w i t h t he he a qht and , i n

par i c u l ar , th e laralxll ic nrc -e l i  le is ado;-? c-cl .

N ( h )  
~~ 

I — ( h — h 0 ) ‘H I ( 3 . 2 . 1 )

where N , is  the  m a x i m u m  ~~~~~ run  conre ’nt  r u t  i on  - i t  t h e  h e i q h t

h 0 and 11 i s  t h e  sca le  he ight - I n  most  case’s we- set h ,~~350 km ,

N , 2 . 5 1 0 ~ e l e c t r o n s  rm 3 and 11 - 11 0 km.

As was not i ced in Section 2 theoretical simulations

show tha t  in  the  cours” of the bubble development its

l ead ing  edge becomes sha rper  w h i l e  the t r a i l i n u  edqe seems

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r n-~~~~~—
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to be more blunt . To take this into account (3.2.1) is

multiplied by some weighting function . The weighting

function correspond i ng to what we call initial stage is

shown in Figure 3a, while Fiqure 3b displays the weighting

t unction for the developed stage of the bubble.

The model , is summarized in i-iqurc- s 4a and 4b, which

show electron concentration variations AN at several levels

inside the bubble for the initial and developed stages,

r e spec t ive ly .

~ur mode l is far f rom bein q perfect. In particular

at c10 5 not takc- i n t o  aCCount s m a l l — s c a l e  vert ical v ar i a —

ions of the  e lec t r o n  c o n c e n t r a t i o n. But at  least  i t  is

t ro t- t
V
rom any assumpt ions about the statistics of AN and

should correctly answer the guest ion about the role of

v~’rt ically extended sharp gradients an producing scintillation .

. ~~~~~~~ V V _ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V
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4 .  NUMERICAL METHOD FOR SOl.V I N( PARABOLIC EQUAT I ON

The parabolic equation (3.1) can be solved analyti-

cally only for a very f ew  simp le forms of the function

• (~ ‘ , z) . A general numerical approach is needed . We arc

interested in solving (3.1) when the di e lec tric permittivity

is a function of x and ~ onl y, thus , 
‘
.T ~~~~~

V 4 / V I x .  For a

plane incident wave the initi a l va l ue for this equation

i s u ( x, 0) -‘cons t 1 . The change of var i •ih it - s t Ic z , - - kx leads

to the eguat ion

•~~— — —-- — • i ( i , t )u = 0 ( 4 . 1 )
.~ • t~~~ 2

Basicall y, tWo met hod s ea t he’ numt-r i c a l t reatment of

parabol ic c~luat ions e -xist : e-xpl ic it and i m p i  i - -it method

(c! - Ames, 1969) - A l t  hough t h(- c x ; e l  ic i t met hod i s  ve ry

5 1 t1~) 10’ c~fld does no t i nvo I v• t hi- t roub i t - s c  m -  Sol ut  ion of a

l a r q e  set of •‘ ;u a t t o n s , i t  g i ve s  a sonK ’wh it  i mperf ect model

for  a p a r a b o l ic  e ’ c ;ui t ion ( Ame s , 196 9 )  , and ; e l a c e ’s a s t r i n g e n t

restrict i cn ‘-in t he  st ep—s iZe i n  t h e  t — d i r . - c t ion Because of

this, we have chosen as -in impli c it schemt’ -i special case

which is the well-known Crank-Nicho l son difference- scheme.

A thorough discussion of the stability condition , t runca-

tion error and conve r ience has been made by Cranda ll (1955)

(see also Ames, 1969) for the diffusion equation and f o r  a

special case of the equa t ion  analogous t o  ( 4 . 1 )  by flo rodziewicz

( 1 9 7 8) .  The scheme makes use of the f o l l o w i ng  ana l og to the

second derivative :

~~~~~~~.-
— V - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ V V -— V
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1 u 1 n + i  n+ 1  n + l  n fl n
— - (oi (u —2u +u )+(l— o~)(u —2u +u ) ) ,

k+ i k k—i k+l k k—i

(4.2)

where u’1*u (kh,nT) with h and : being the step sizes in the
k

~ and t d i r e c t i o n s ,  r e s p e c t i v e l y ,  and 0~~~~ i is a we igh t ing

f a c t o r .  The t e r m  o u / e t  i s  approx imated  by

n + i  ri( u — u  i / n , ( 4 . 3 )
k k

and the  t er m  • u by

u s !  n
r +i

1k 1k
n + l  n

- - (i ~~ 

~~
‘
~~

‘1°k 1
~

I t  ‘~‘( )  t h e  exp l i c i  schenw~ z~ obta ined , w h a l e  • i = l / 2  re-

sults in the Crank-Nicho l son scheme . In general , increased

-~~ improves stab i l i ty and convergence of the solution for a

g i v e n  va l ue of r~~r h ’. II , . 1/ 2 , the s o l u t i o n  is absolutely

s tab l e  fo r  i l l  i , and i f  i=I , the solution is absolutely

s t a b l e  and conve rgen t .  For t he  heat transfer equation , a

minimum trun cat ion error of the order of 0(h4) is attained

for

r —  - . (4.5)
•i (1—2 ’)

Otherwise , the truncation error is of the order of O(h i ).

We see that the (‘rank-Nicho l son scheme requires an infinitely

large value of r to reach minimum error. For equation (4.1)



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ -
_ _— -

17

no corresponding r e l a t i o n  was derived . However , computer

runs showed that a satisfactory Compromise between the

error and convergence is attained i t o=0 .Sl and 0.5-- r - 2.S.

Substitution of (4.2), (4.3) and (4.4) into the para-

bolic equation (4.1) leads to the followin g difference

equation :

~~~
‘ n n il i i  n i l

-‘ ‘u + (1— - ‘ + cif ) U 4 --- - i- ‘‘ii
2 h -  k -s- I h . k k 2h’ k-i

n i~ n n
— 

h ’ ( 1 —  I i  h 
( I — c u  — 

2 ( 1 — ’ )  t k l u k

i n
— - -- —

~ (1— ’ ) (4.6)
2h k — I ’

k = +1 , 4 .
)
, . . .  s - K

n = 0 , 1 , 2 , . . .  N

~ 
n4 1 n

where  t k~~~ 1k ~ lk
)
~

’2

In  t h e  d iscr e t e  scheme t h e  i n i t i a l  v , eini e - ii (x ,0)~~1 is

w r i t t e n  u~~= 1.  Because of the-  assumed symmet ry  of • (x , z)

with respect to the z axis , and the system (4.6) of

2K equations reduced to the system of K e-qiia t ions. It con-

tains 1C+2 unknowns un with K unknowns of in terest to us

(k~ l, 2 , . .  , K), and two unknowns u~
i and ~~~~ beyond the

boundaries of the considered region . The usua l procedure

is to introduce the so-called NIalse N boundaries at k~ 0

and k—K+l . If the derivatives of u at the true” boundaries

are known these false boundaries can be easily derived .

- ---~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - --
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We se-t  u~
i .O and u~ -0 wh ich  introduces some discontinuities.
0 ks - I

As noticed by Ames (1969), if the stable scheme is used , the

eff ect of such discontinuitit’s does not penetrate deeply

in to the field of integration . In this way, the system (4.6)

becomes tridiaqona l with K unknowns . It can be written in

the matrix form

11n 17 n5 1 ( f t n _ u A
n
) 0n 

, n=0 , 1 , 2 , . .  . ,N (4.7)

where  is  the column matrix with u~ as elements. Matrices

A~ a nd B~ a re  t n a d i a q o n ~s 1 w i t h  the following elements:

n n n i
A - -_ • t A A = —

k ,k h -  2 k k+1 ,k k ,k.l ?h~

(4.8)

ii
A ~ O fo r k l j
Ic)

T1
ii 1 ni

B - l — i i  ( —  ) H — k 1  , 2 , - . .
h 2 k . l , k k , k 4 1  2h~

(4.9)

n -B 0 for ku k~~]4l

The -;olut a on of t h e  m a t r i x  equ -it ion (4.7) is

n41 n n 1 n f l
U — U — (H  ) 1 (A (1 ) (4. 10)

To ~~~ t he  second t e rm  on the r i gh t - h a n d  side of (4 . 1 0) ,  A~

a~; f i r s t  m u l t i p l i e d  by tJ ~~, a l r e a d y  known from the previous

step, and then the matrix equat ion B~
iX_A flUTi is solved.

Because B~
1 is tridiaqona l , the matri x i nversion can be

- _
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avoided by u s i ng  the  ( au s s ian  e l i m i n a t i o n . The so-called

Thomas algor i thm is most o f t e n  used . The system of equa-

tions is written in the t o r m

a
k
k
k l

c
k
x
k
[
kxk+1 

d k k = 2 , 3 , . . . ,  K — i

c x l — b ,x + d 1 (4 1 1 )

(
K X K ~ 

a K x K _ l 4d K

The s o l u t i o n  i s  assumed to be i n  the  f o r m

= 

~
1k . 1  X k i 1 +

~~k + l  ( 4 . 1 2 )

where

= — - 1 /c 1 l~~

1k . l  - ~
/(a

k ‘k~~~k~ 
(4.13)

k -s - i 
= (d k -.a k~

- k ) / ( a k d k 4c k )

N o t i n g  t h a t  x
K

=:-
K ~ 

the -  unknowns  X k a re  successively

found  f rom ( 4 . 12 ) .  I t  has bet n shown that. t h i s  scheme does

not introduc~ large errors due t o  r o u n d - c i t  I errors in the

calculations (Ames, 1969) and i s  very  e f f i c i e n t  in  terms

of computer time .

A complete  program for s o l v i n g  the parabol ic  equation

is given in the Appendix.
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‘ - . N U M E R I C A L  RESULTS ANt ) DI~ ;CUSS ION

The pa r i k ~~ 1 i c a ~~p i . i  t i on ( ~ . 1) has been so ivo-d for  a

flK)dOl e~~i i a t o r i i l  p l a s ma  b u b b l e  f i l l e d  w i t h  i r r e g u l a r i t i e s

who~ t’ hor : :ont -t 1 st i got  u r e~ is t he-  same as t h e  o~ e measured

i n — ~~; i t u by M c C l u r e  . - t  t i  - (1 c~7 7 )  ar id  shown a n  t h e i r  F a q u r e  7 .

The ~; o t t l 1  ~t . a l t  i ’ it t ’ w i ;  appi-oxima t el y 280 km ari d probably

- I a d n. t cha rug .  - i ‘~ i 0~~~ i .t c I v clti i r nu t he.’ ‘ass i - t h rough a

tu ultt.l. - whose her t .~c u t t  I i  s i ;~.- was ¶ 0  k m .  The F—peak h e i g h t

a t  t h ,  t i n-u~ c f  t i u a - ~~~i~. -  ~~~~~ i-me - n t  w a s ar proxima t .-l y 400 km.

A~ t - - r . - n l t r  ~o -m -n t • t h a ’ - u t  y e  i n  F ig u r. - 7 of M c C lu r e

. - t  a~ - w as i i - ~~r t  i :, - c i  a - v e r y  42  m which is approximat ely 10 m

les~; !h .tnu h.- ‘;.i rni l i n - i  i n t a ~~ v i i  of ~:~— s t t u  me -a :- renuents.

‘ rhi ~
; s.-ts th e I cW ,V ? l i m i t  o~ t ho- 1 :  : ‘ ; t l a r  it y sCile— SiZ_ (’

or he’ s~-aI. ’ 1. - n o - i t  h - 1  the elo’ct u - c u  I. n s : t v  g r a d i e n t  - It

s a 1 1 much I, s~ ‘ h i :  I h - I-’: esni 1 i ‘ s.  - dime nsion for a

ev : i ’ al : i ; t a n - . - H V C V
* ,i t h a - bet t nm—~; u - t o -  of the irregular

1 n v o - n  and t h a - n. - - ’ - y r  ( . ‘O O —  ~O() k m )  an d  t ho- h icn h- s t wave

~
- -i ~~

-
~~~

y c er o s i de r  . 1  i i i  t h i s  r d - u t  • w h i c h  is  6 G H z .

To h .i ’- c ‘ma - i m i - I  ess ion  about  t h e  i r r o - c r u l  ar  i t y  spec—

t r u m ,  the’ c l i i i  t i i a - I l i t a were h i g h — p a s s  f i l t e r e d  to remove

.IT1V components l V u r n . - r  than 10 km and t h e  power spect rum

w a s  a - c --mp ;tt i’d - F a i ’ a r ’  - °c show~; t h a t  t h e  spect r-i I amp i i —

I i~~ , - r c  ci j -  :h I y 1 o Il ~~s I h i- — law except f o r  t he ex t r eme

~~M
V.iflt it the low frequency part of t he  spec t rum . This  is

ver y  t y pi c a l  s~ c a - c - t r u i m  of v -c n o s ph c - r u c  F r eg ion  i r r e g u l a r i t i e s

(Dyson a-t al - , 19 7 4 )  -

— — — -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --— - ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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We assumed t h a t  t he a .  - 1.1 t t vt . l e t S t i i  ant  dc-ni:; i ty  1 1 uctua  —

t ions at e tch height i n s  ide -a bubb 1e~ I o i l  ow t he  same her i —

z o n t al  n a t  I t . r V f l  as one -  giVen ifl F i gun o -  1 - The.- background

d e n si t y  is !. ar ~ibc l i c  a: ; dese.- n  t h e u l  i n  ~ eet ion 2 .  W i t h  the

wet  ej ht  a ng un c t  l e n a  con respond i rig t o  t he N 
~~ 1 st u nt N

of a bubb l e . , h o t  or a -  i t  r o S e -  .abovt I h e- F— i . e - a k  , t t ie  hor a Zot a t  a l

absolute el i-c t ron ~IiV f l S i t~~ v an  i - a t  i ou  N a t  tour d i I t - r e n a t

levels a nsa!.- the - bubbl e.- 1 : ;  - ;  a v s - n o  in l i - p i t  a - 4 a  - The l i i  - i e st

N 1 . 7 10~ c-l oo t rons cm i a e , t c t u . d c l i  o s -  to the cent .- r of

the  b u b b l e ’ - If t he bubble.- t hi ckne:ss L is  de.- i ned as a d i  st anico -

be tween love- i:; a t which t he wa i c ; ht  i n n  I una ct i c o r i  fails to e

we hay.- L - 30 k m .

The 500 ‘f l i t  a - x t  r .-m. - c i : ; .  t o )  I , -  c l i  : c ij :o e -l con

I o I ha’ — do-va  - I s ’.-  I ~ 
V - ~ 1 ot ib t  i i  - ( F a - n u n s  - 4 1 - )  . I n t h a

case , the. ’ n~~x a m u m  N i:; V a o i i o x l m n t a - ) y p i l l  t o o  . l 0 ~ a- l a o —

I r o n s - c m  a n !  t h i - b::t t le- t h i c k n o - - : ; . ; I.~~l 15 km.

The sci  ii I 1- i t  i c o n  p.u t I a - ~~fl ra :;u it a n - n rem c u r  com-

p u t a t i o n s  f~~z - a  w a y s -  o f  n - - c i a - n c  1.5 (IIi e.-Lng t h r o ugh

th  .- in  i t  a u  1 st i r s-  buhb I.- a s shown In F i 5’I ~~ 5 V  • , - The rea l

.and t ~~-i n i n a  ry  (— omV)n vn t of t he comp 1 -  x imp I i t o i d e  as we 1 1

as aru p 1 a t aid.’ un - i phi s. a ru r n a n  a t s are c i a - i  c t  a - 1  - The iws t

i nt i-rest i no fe-at ure a s th ’ c- -cr ra-sponda-nce bet we-a-n t h e  ix s  a t a e ta

of strong amp 1 it ude out burst s and t he  leo -u t ion 1 sh a r e’i a-c—

t ron d e n s i t y  grad  len t  s a n  F a - nu t a - I . Th a t; se-em :; t o  suggest

the r e f r a c t i v e  s c a t t e r in g  me ch a n i s m  pro~~ased by Cra i~ et a l .

( 1 9 7 9)  as a cause of .apnr.-r i .-a td S o t  nI  a 11 u t i en - Hc~~eve r

as we show later in t h i s  sert  inn  the - l i f f r a c t i on on edges

- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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more’ i t S  i ly  expi  a i r i r ;  t he  obta ined  t i - i t ure - It. a s a lso

a n t t r t ’ s t i n q  to  note one more s t r i k i n g  ~- s - - 1 i ar u t y ,  namely ,

the weak dependence ot t he’ amplitude outbursts on the

a b s o l u te  v a l ue  of e l e c t r o n  d en s i t y  d e v i a t i o n  A N .

For a developed , t h i c k  bubble  the  edge e f f e c t  is large ly

obscured by amplitude f l u c t ua t i o n s  a t t r i b u t e d  to sca t te r ing

-cu c l i f f  n~ act  ion by sn~-o ther  s’ ructure (Figure 7) . Neverthe—

le-ss  , st longe r amp lit  ude so ant I h a t  a c o r n  can s t i l l  be noted

c -lose I o sharp - ;  r a d i  ont of  N. n lower frequencies the

a ’cl ’;s . e f f ec t  c -an tu a nctiy be distinguished from scattering

( F i - i u re  8b)  . Uoweve ’r ,  i t s  presence can be seen from

F t  ; o n  ra’ -lu . w ta i ch  :;h ~ t he’ amp lit udo ;- ca I t or n  at  300 km

h e i . r h t  i . e . ,  a n - ;  a d s ’  t he ’ b u b b l e .  F :viden t l y ,  the  edge

di t f r~uct i era dt ’ve. ’ 1 ‘~~~ 
-s -amp Ii t ude f l u ct u at  i ons  it  shorter

- l i s t  .~nces I h .in d oe-s t h e  scat t er  I nq -

To d i scus:;  f u r t h e r  the  . - f ! a - ~~t of an isolated sharp

I !  id lent i f l  e lect  ron .Ia ’ns a t  y ,  we assumed a wave passing

th rough a one—d I men:; i o n a  1 sen eon w h i c h  at  the  point x~ x 0
chun oi .-s the  w a v e ’s ;oh . isc-  f rom 0 to some constant value

The’ complex a m p l i t u d e ’  at -u d i s t a n c e  z i s  y~ven by

u(x ,z) /~ f u ( x ’ , O ) e x p l i k  ( x — x ’~~~ I dx . ,
2z

(5.1)

where

u (x ,0)  ~ e
t • for x x

S 
(5.2)

r I for  x — x ~

Simple i n t e g r a ti o n  and separation of the rea l m d  imagi-

nary parts of u(x z) lead to the following formulae

—V.- -~ ~~~~~~~ .~ 
—- -V--~~~~ — -



•0 3

Re u ( x • 2 )  a cos • — 1 ,i — .2 co,; ( — ) I C (

+ l l — .2 s i n  (~~ 
— 

~~~~ 
1 S f  i ) ) , (5.3)

Im u (x, z ) sin — l i i  — . 2 t -
~~~. — s (~~)

— l 1 - s ~ s in  ( — :~~
) 1 c (  a )  ~ ( 1 4 )

where S ( ) and C ( a )  a a e - t tie.- Fr  e - s n a ~~i i n u t  oc;a a Is of the a r g u men t

t~~ ( x— x ) .k  - ‘2 z . I:qua t a on:; ( 0 , 
~) and 

( ° 0 - 4 ) we.- rt- used to obta a n

t h e  d~~ftractaon l i t  t a - a n  i t  ~i c l i ; t . a i a c ,  i 15() km f r o m  - a screen

f o r  f reguenc a us ot 360 Miii .anud 4 ~ I 1z w i t h  -: ~ 1t .4  and 1 .48 ,

respect  ave 1 - Th~ - :; u c i c i a  - i i  - h a  - a -  oa m i a wa: ; p u t  a t x 1 km - Re-

s u l t s  of the c a l c - u l a t a ’ c : o s  a n . -  sho ew nu a n  F i - p i i t ~ t _ A typi ca l

osc i l l a t o r y  ~~I t  I s - i r a  cu a  ha - r o -  - t ic.-l . - o s c a  I l i t  i on s  a !  e - much

ast e n  at  4 ~ !I i and .tos ’g .-d a : ;tao  o r t s n  d i : .  I - I r 1 c ~~s - : .  I rum t he— d i  s

c o n tin u i t y ,  I h s - r . - ~ or.’ , t h u  i- c l - n o -  ‘ - I  I a - c t  as aman a h a c a l  i z ed  in

t h i s  c as e - t h a n  at 1’)W’ n I n a - - p a s - n o c y .  Tha :~ e~ : ; c I a i n s  why a t

h a n h e r  r e - ; u e - n c a s - - ;  i t I ,  - - .15 i s - !  to f i n a l t h. conIeslx )nd enc e-

t oo t we’’ ni sha a a: t l a o  - t a o  d i n  den :; a ty - n - i ’l  i c - n u t  s and t he.- cha rac te r  —

a st a o wave ’  u~~ 1 i t  u - I c -  i- - I tt c- rn - At l ower I r equ enc  a c - s  the

a - f  f ec t  of c lose.- ly spaced s h a r p  car . id  i en t s  l i-ads to a rather

comp 1 aca ted  p a ot ure not re.-sembl a rig t he b a i t ta - rn i croduced by

l o c a liz e d  d i s c o n ta n u i t  i cs .  Thus , t he- edge of  t oct is not

seen i n  F i g u r e -  Sb.

Cram a’t al. (1979) suqqested the refractive scattering

mechanism as a possible cause of sc intillat ion at gigahertz

frequencies . This mechanism i nvolves a total interna l

~ 
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nt-I le -otm on f rom verti cally e-xtended horizontal discontinuities

of -lectro na density,. Under some strict conditions imposed

on the s lope  of discont inuity, the direct wave interferes

w i t h  the  u na t t e n u a te d . r e f le ct e d  wave l e a d i n g  to s t rong

a m p l i t u d e  f l u c t u a t i o n s .  A thorouqh discussion of the mechanism

would  r e qu i r e  r ay  I r a - z n q  in  the.- model bubble w i t h  sharp boun—

dar a’-s . H o w e - v t - n  , a I t he  m a x i m u m  gr a z  ing  .anq le is  sma 11 the

l- .ir,atx)lic’ equa l ion offers in adequa te  m a t h e m a t i c a l  descr ip t ion

of the c - I f  i- c l  - Theas , we m ight expect t h a t  our  c a l c u l a t i o n s

t a k e -  i n t o  account  n a - I  r . a -t  ave  s ca t t e r i ng . To check the  im—

;~~ ‘~ I .unce’ of rc ’f rio t ave ~e~~at  t e ’ r i n q  relat ave  to  the  di f f r a c —

t ion - ‘ no  a’cl .~ e’~~ • we- -ompait eel t he  d i  f I r a e ?  ion  pat tern produced

a :;cree n w h a r t u  chanqe ’s t h e  phase of t h e  wave p r o por t i o n a l l y

t o  - N c i i  v. -ra by a n—si 1 ii d.a I - ‘  - The’ pro~w r  I * ona 1 u t y constant

w a s  chose’n such -as t o o  a ch i ev e ’  t h e  best agreement between the

- h a  so v ar  a , i t  a en s  - a t  a - l a s t  . inc ’e of 3~~0 km f r o m  a screen w i t h

a t  -i d i s t an c e ’  400 km f r o m  t he  top of -a bubble when the

l u l l  model a s  used .. We’ w i s h  to  no te  at  t h i s  point that the

;‘ti .ass- screen was j~l ic,’c1 not an the m i d d l e  of the scattering

l a y e r  ( a p p r o x i m at e - I y  300 km h e i g h t )  hut above the layer

(cf. Figure Ia). This was necessary an order to make allow—

in c.’ for the development of ampl itude scintillat ion as strong

as that given by the  s olu t i o n  of t he  p a r a b o l i c  equation .

T h i s  remark  m i g h t  be of some i mp or t a n ce  to those who use

the st rong phase screen theory an interpreting the data .

Figures  10 and 11 present the comparison of the ampli-

t ude and phase variat ions at 360 and 4000 MHZ as produced

L. - 
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by the phase screen and the initi a l stage model bubble.

Close inspec t ion  of t he’ f igu r e s  i nd ica tes a remarkable

s i m a l a a r i t y  between a m p l i t u d e  and phase.- structures with

o n l y  s l aa h t l y  de- - t - e -r  f a d i n g  at 360 Mlii  produced by the

bubble. We conclude that at l ea s t  t o ,  t h e  order of approxi-

mat ion - it vt- n by I he pa a a~ o 1 ac e - c iu . t t a on the.- refract i ye-

scat  t ~ r A rig the-i of rio a mport ~an uc -e a:; compa red to the

edge d i f f r a c t i o n  e - t f t ’ o .-t or both c - f  f e ct s  .m e- i n d i s t i n g u i s h a b l e .

In  F igu r e s  12 and 13  we present  the  am p l i t u d e  I l u c t ua -

t ions a t  se~~e ra  1 f r e - g u i - n c  it - s  fo r  the  i n  it i .a l  and developed

s t age s  of t he  b u b b l e - , re -s i- a-c t a v s - l y - The’ - c !~~~- e f f e c t  is

cit -a n y  Se ’Cfl on c l i - ; a h t - n  I i  I a e - !u e n u o - a a - : ; a n  the da-ve.-lope d

s tage-  and eve-n at  H 00 MHz in  t I i . -  - a : ;e -  u t  t t i e -  m u  t a a I bubble

stage . It a s  i n t o n e - s t  an- ; to root e an an on e . a : ; e -  a n  t h e  f a d i n g

r ate . ’  as the  b u b b l o -  t h i c k e n s .  T h i s  a s  c l . -~a r I y soc-n at  a l l

f r equenc  at- s ex cep t  at  4 GlIz w h i ch  i s  dominated by the edge

e f f e c t .  T h i s  agre e-s  v er y  w e l l  w i t h  m - . a s u r e m . - n a t  s (B asu et

a 1 - , 1977) showing r as in- ; am id li t  ude fad a nq r a t e ’  when the

bubble develops and ext ends above the F-pc-ak. At the out-

skirts of the bubble (distance large r than 15 km) , sc intilla-

tion intensity and fad inor rate ’ are sm alle - r t han t hose closer

to the center , mainl y due t~~ t h e  d e f i c ien cy  of sma l l  scale

electron density irregu larit ies. The fading rate , which is

also changing with frequency, is usually larger at lower

frequencies. This is in agreement with observations by

Rino et al., (197R) but contrary to the weak scatter /

_ _ _ _ _ _ _ _ _ _ _  -- -V.- - - --—V. -- - 



scintillation theory which predicts the dominant fading

period proportiona l t o  the  Fresne l zone.- s i z e ’ , ‘i Z .  However ,

when s c i n t i l l a t i o n  is s t r o n g , as in  our case at f requencies

below 4 C.Hz, t h e  m u l t i p l e . -  s c a t ter i n g  e f f e c t s  reduce the

c ha r ac t e r i s t i c  s i z e  of t h e -  w ave field fluctuations leading

to the a n c n e - a s e -  of the f~ac 1 a nq r i t e  (Y ch  et al - , 1975) . The

p r . m ct  i c - a l  i mportance- of t tie scintillation i ndex )u st i  f i e s

it s  calculations i n  s p i t e -  c o t  t he’ obvious rionstationarity of

t he.- computed amp i ituth ’ ;‘~a t t  a - r n  r i o t  iceable especially at

h i c ; h e ’r freqUe. !flCieS . The s c i n t i l l a t i o n  index  was c a l c u —

l a t e - - i only for the segment of data f rom x - O  to 15 km.  The

segment of x - - l 5  to  25 km shows c - h - a n y — a d i t ~~a - r c n t  a m p l i t u d e

s t r  u c t u r e -  due t o o  t he ’ lack of :;ma ! 1 — s c - a l e  e l ec t ron  d e n s i t y

i r r e q u l . i r a t i e - s .  lle t wet— n x 0 an d 15 km . s c i n t i l l a t i o n  indices

c a lo o m hated for ,- , i e h 5 km d a t  - a s . - o ; m c - nt  d i f f e r e d  not more than

2’ o~ w h i c h  - n a v e s  t h e  a m l o r e : ; s i - u o  .about t he  s t a ti o f l a r i t y  assump—

I ion . The fn- e -i w-noo --,- ci.- p .’n if e-no - - of s c i n t il l a t i o n  index  is

show n i n  F i gu r e  14 .  For nwod e-ratel y st r o n g  s c i n t i l l a t i o n

( 4’OS ) . S4 is pi oport oonal t o  f w i t h  v between 1 and 1.5,

h owe ver , t he  i ndex v i s  r l n se ’r  to 1 . 5  f o r  the  s c i n t i l l a t i o n

i n d ex  s m a l l e r  t h a n  0 . 2 .  As one’ would expect , the stronger

t h e  scintillation the weaker is i t s  f r equency  dependence .

We— must  po in t  out , however , that .at low frequencies the

as s u m p t i o n s  leading to the parabol ic  equat ion m i g h t  break

down . In f ac t , a t  136 MHz in the  case of a thick , developed

bubble , the average’ intensity is about 15* lower than the

intensity of the inciden t wave. This means that 15% of the

— -- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- - - V.--- — -- --
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inc ident  power is backseat tered f rom the i r r e g u l a r  layer ,

which no longer is small. In other cases under considera-

tion , the backscattened power was less than 10% of the inci-

dent power. Figure.’ 15 shows the caSe- when the average signa l

level close to the center of the bubble is much below the

leve l of the incident wave . In thi s particular examp le ,

only about 77% of t he  power is t ransmitted through the

bubble .  The r e s u l t  shown in  F i g u r e  15 was fo r  f requency

wave of 136 MHz pas s ing  t h r o u g h  the extended bubble and the

F—peak electron density was 3.5’10~ t- l t-c t rons’cm 3. It

would  be i n t e r e s t i ng  t o  e x a m i n e -  t h -  ob s t - r vat i o n a l  data to

f i n d  cases where. ’ strong scant i i  l . a t ion -a i s  accompanied by a

decrease in t h a -  ~ a gna I I t - v a ’  1 . 11  such  c-as.-,; con lii be found ,

t h i s  would i rid a c -a t e  t h e’  n i t - a . - c f  f o r  mod a f a o ’, t t  ion ( o f  the sc i n —

t i l l a tl o n  theory  based on the  p a r a b o l i c - equation.

It is interestan ci to compare the scant ill - a tion pattern

produced by ~a bubble with sharp a’le -tron densit y gradients

to t h a t  g i v e n  by a bubb le  w i t h  random i r re gu l a r i t i e s .  To

do t h a t  the  e l e c t r o n  d e n s i t y  profile shown in Figure 1 was

low-pass f i l t e r e d  w i t h  the c u t - o f f  wave numbe r 0 .1  km~~~.

The high-frequency component of the data was obtained by

subtracting low-frequency part from the origina l data.

The high-frequency component of the data was then Fourier

ana lyzed  and the a m p l i t u d e  and phase of each Fourier  com-

ponent was determined . Following the procedure used by

Costa and Kelley (1978) a random phase angle was added to
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each phase, the data were then transformed back to the spatial

domain and added to the low-frequency component of the original

d a t a .  As a r e s u l t  we obtained the electron dens i ty  p r o f i l e

with random high-frequency component which has the sane power

spect rum and v a r i a n c e  of the e l ec t ron  d e n s i t y  as the high—fre-

quency component of the o r i g i n a l  d a t a .  Two examples of such

profile ’ generated using different random numbers are shown in

F i gu r e s  l6a and 16b. Note t h a t  sha rp  sp ikes  and g rad ien t s  c lear ly

seen i n  F i g u r e  1 ar e - not present on these profiles. On the

o t h e r  hand , they  con ta i n  more weak , s m a l l - s c a l e  s t r u c t u r e s .

The scintill ation pattern produced by the “ in i t i a l

St-i-ic’ ” bubble  w i t h  h o r i z o n t a l  e l o - - t r o n  d e n s i t y  p r o f i l e s  as

shown in  F i g u r e s  16 was ca lcu l ated l e a d i n g  to the r e su l t

shown in  F i g u r e ’  17 . At  4 (11z almost no scintillation is

sea-n - The weakness  of so i n t  i l l  .at  a on a s con f I rmed by the

t -a I e . ’u l a t e d  scant il l - i t  ion i ndex of ~L 02  for  both  r u n s .  This

a - ;  -approx imat ely half c a f  t he.’ s c - a n t i  h a t  ion index calculated

when -a t h e  o r i g i r a a l  p r o f i l e -  i s  used . The v a r i a n c e  of the

high-freque n -y •‘Iec -tron d e n s i t y  component is equal to 6.6•l0~

eIe- c t rons~ cm 3 w h i c h  i s  onl y s l i g h t l y  smal le r  than tha t for

t he’ o r i g i n a l  d a t a  ( 7 . 7 • l 0 ~ e1e’ctrons cm 3 ) .  Thus the two-

f o l d  decrease i n  the sc int i llation i ndex can not be explained

by t h e  d i f f e r e n c e  a n  - ( - N ) - s i nce  in  the weak scat ter ing

sc int i llation theory t he’ scintill ation i ndex S
4 

is directly

proportional to ~(.N)
2
~~
l/2 . Therefore, random electron den-

sity fluctuations would have to be stronger (in our case two

times stronger) to give scintillation as strong as that

V.—- - - - - -V.- -- - -  ~-V. ~~~~~~~~~~~~~~~ 
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produced by a medium domina ted  by sharp electron density

grad ien t s .  Also at  lower wave f requenc ies  the scintilla-

tion index is enhanced by the presence of sharp electron

density gradients. For instance , at 360 MHz for the original

electron density prof ile S4 0.64 while the randomized pro-

files lead to S4=0.45 and 0.52 , for run A and B, respectively.

Obv iously, the dzffere.-nce- between the scintill ation indices

i s  sm a l l e r  t h an  at  higher frequenci -s because of the effect

of s t r o n g  s c a t t e rin g  w h i c h  reduces the  s c i n t i l l a t i o n  index

dependence on < ‘N

Sometime -s observa tio n-ia! data ar e  represented in the

f o r m  of s c a t t e r  p lot s  on t h e  p l ane  l m u — R e u .  For complete-

ness , we show in  Fig ur e - 18 s e - v , - r . a l  such plots, a l l  of them

ob ta ined  u s i n g  the  same “ i n i t i a l  s t a g e - ” bubb le  model and

d i f f e r i n g  in  the wave f r e q u e n c y  on l y .  No filtering to

separa te the  focus and scat ter components  was app l i ed

m a i n l y  because of t h e  n o n s t a t i o n i r i t y  of the  i m a g i n a r y  and

rea l 1- a r t s  of t he  comp l e x  a m p l i t u d e  and d i f f i c u l t y  in  choosing

the a p p r o p r i a te -  c u t - o f f  wave number .  Never the l e s s , i t  is

i n t e r est i n q  to note the obvious s i m i l a r i t y  between the

model plots and plots derived from the scintillation data

(cf. Fremouw et -a l , , 1978). Both the model and data show a

clear change from the phase dominated scintillation at high

f requencies  to the dominance of the scatter component with

the power evenly distributed between Imu and Reu at lower

f r e q u e n c i e s .

In our model we have assumed that the rela tive electron

density fluctuation AN/N does not depend on the heiqht inside

_-

~~ 

- ---- — ~~~~~- - ~~~~~~~~~ _ _ _
~~~~~~~_~~~~~~~~~~~~ _ -- -~~~~~~~~~~~~~~~~~~~~~



30

a bubble. This assumption leads to the exaggerated phase

fluctuations and possibly also to the overest imated scattering

effects in amplitude . However , the edge diffraction effect

is correctly predicted .

— --
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6. CONCLUS IONS

Solu t ion  of the  p a r a b o l i c  e q u a t i o n  for  the complex

a m p l i t u d e  of a wave p a ssi n g  t h r o u g h  a s imple  model of an

equatorial bubble revealed the i mportance of sharp hori-

zontal gradients of the electron density in producing scin-

tillation effects. Preliminary discussion of the effects

suggests  the d i f f r a c t i o n  on edge-s fo rmed  by sharp g rad ien t s

as a possible mechan ism of scintillation . The edge effect

is par ticularly important at hi-Thor o; iqa h t’ rt i . frequencies

where it is not obscured by scatte -rin g . The important fact

as that the edge diffra ction leads to appreciable scintilla-

t ion even if  
- N I S qua to n x ) d ( - r a t e -  Sand I. a s  s m a l l .

The computed amp i itude scint i l l - a t  ion pattern is  in  good

agreement with the observations , which indic a te an increase-

of the s c i n t i l l a t i o n  rate- with the inc i e—ase of the bubble.’

thickness and show a chancia- in the se- i n t a l l a t a o,a rate f r o m

slow , clos e t o  t he.’ e-d ~~e ’s o~ the bubb l e’, t o  f a s t , at its

c e n t e r .  The f r e q u e n c y  deI)(’fl dCfl ce’ of s c i n t i l l a t i o n  is of the

type ~~ V with between I and 1 .5  at qaqahert z frequencies.

There is a tendency towa rd smaller values of v .as the bubble

thickens -

The bubble model we have used is deterministic. Due

to the  obvious nonhomoqenei ty  of e l ec t ron  d e n s i t y  f l u c t u a -

t i o n s , i t  i s  d i f f i c u l t  to compare the o b t a i n e d  results with

those based on the statistical scintillation theory . Never-

theless , we have shown that the model of random irregularities 
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characterized by the same power spectrum as the medium with

s h a r p  e lectron d e n s i t y  g r a d i e n t s  produces less s c i n t i l l a t i o n

not on ly  at CHz f r equenc ies bu t also at lower f requencies

where the scattering effects should be dominating. Apparently,

the increased strength of scintillat ion can be attributed to

t he.- d i f f r a c t i o n  on sharp  edges--the s c i n t i l l a t i o n  mechanism

which is not t a k e n  i n t o  account by the s t a t i s t i c a l  sc in t i l l a -

t ion theory.

‘1
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AI’PENDI X

In  t h i s  appendix t h e  a l g o r i t h m  and computer program

(in CDC FORTRAN Extended) used to solve the two-dimensiona l

para bolic equation (4.1) are given. The employed method is

-Ie ’ scribe d in Se ct io n  4 .

The proqram was made versatil e.- to be used with an

a r b i t r a r y  mode.-l cit the.- i r r e g u l a r  ionosphere , but also to

mak e possible  c a l c u l a t i o n s  for  -e wave which  propagates in

a f ree space a f t e r  t r a v e rs i n g  an i r r e q ul a r  l ayer  or a wave

d a s t u r b e d  by a phase -h an q in g  screen.

The input parameters are :

K — number  of  r;tep :; in  t h e  h o r i z o n t a l  x d i rec t ion,

N - numbe r ot  s t e ps  i n  the  v e r t i c a l  z d i r ec t ion ,

TAU — sto;~- s i ze  i n  t he  z d ir e c t i .o n  ( i n  m)

II — r ;t v-p—r ;i ie in t he  x d i r e c t  ion ( i n  m)

51GM - w c i - ;h t  a n - a  f ac t o r  (our  choise was SI GM ~ 0 .5 1) ,

FRFQ — wave I ret juency ( a n  P4117)

Ni - Nl~-l for the phase screen model ,

KSKIP - number of s te p s  in  t h e  z direction recorded
on t he.- I i  1.’ ;‘ASS (w h i c h  a s  the renamed f i l e
RESLJI ,T ) over w h i c h  one has to s k i p  to get
t c ) the .‘ leve l f rom which further computations
wi l l  be math-. This is used whenev’~r one wants
t c ,  rent inuc computations with the changed step—
sa i ’- TALi , or when f u r t h e r  computat ions are to
he- m. icIe ’  o u t si d e  a s c a t ter i n g  medium .

XM - o n l y every XM step in the z direction is re—
t 01(t (’(I on f a les RESULT and TERM

KK - only every KK step in t he  x d i r ec t ion  is re—
corded on f i l e  TERM .

_ _ _ _ _ _  _ _ _ _ _ _ _
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IC - used as an indicator. I f  IC~~l computations
are made i ns i d e  the scattering medium, if IC~0,for computations outside a medium and for the
phase screen mode! -

I(L - total number of steps in the z direction cal-
culated in the p r e vio u s  r u n s .  K !.. is used to
c al c ul at t ~ the  o v e ra l l  d i s t a n c e  passed by a
wave .

NP — used as the  r e- e d i n q  in d i c a t o r .  I f  NP -o i n p u t
p-a z ame ter s  recorded on t h e  f i l e  PASS are read .
Otherwise at is  assumt-d that they were not i t - —
coi- dod -

K2 — K 2 - 0  i f  t he  input a l e  ELEL must  be read . I t
dc)cs net nc-ed to be r e . - ,ed for computations out-
side a scattering med i um , but must  be read at
the beg innin g of the phase screen computations.

PHLØ — phase.- var i a nr t -  oi - , constant convert m c ;  data
sf ored I ~z i F L f 1 .  t c) phase var aat ions.

The above parar-ce.-t .’rs - c r c -  u n i v e r s a l  and must be supplied

whenever the program is t i , ; e c 1  - Below , h c-  de~;cz ibi d par am -ter- s

which apply only to  the  mode l of .c p l a sm a  bubbl e- discussed in

the  report :

AL and Z’~ — we i ih t  i zig I unct ion e? t h e  t e; I o a bubble is
chan qin-z according to lXP (—((Z—ZO)/AL) 2)

BET a:~d Z04 - weight m o  function at  the  bottom of a bubble
a s  c h a ng in g  a c c o r d i ng  to E X P ( - ( ( Z — 7 . O O ) / B E T ) 2.
For z .~ F. ZO and 7 . L E . Z ( $ i t h e  w e i g h t i n g  f u n c t i o n
is  c on s t an t  and equa l 1 -

ZMA X — height e~ the F—peak measured

ELMA X - electron density at the F-peak in electrons•cm 3

ELZ - e lec t ron  d e n s i t y  at Z~~0 In  eloct ron s•cn i 3 .

Note tha t 2 - 0  corresponds to a h e i g h t  at which compu-

tations start , All distances are in  meters .

All Input parameters are read from the file DA2. Hori-

zontal variations in a med ium or on a phase screen are given

-

~ 
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in  a r b i t r a r y  U n i t s  and read f rom the f i l e  ELFL . R e s u l t s

cit computations art ’  w r i t t e n  on the f i l e s  RESULT .ind TERM .

RESULT contains hiqh-accuracy results intended to be used

t o r  p l o t t i n g  or f u r t h e r  c a l c u l a t i o n s .  In the la te r  case

this t i l t -  must b.’ renamed to PASS and will be read during

the  next  program r u n .  TERM is used only for printing pur-

poses and has t he  same con ten t  ~as RESULT .

I n s t e a d  of using the  COMPLEX v a r i a b l e s  the program uses

t h e  m a t r i x  r e p re s e n t a t i o n  of complex v a r i a b l e s  w i t h  the

first col umn being the r i-a l p a r t  and the second co l umn the

i m a i i n a r v  p a r t  of a v a r i a b l e .

S u b r o u t i ne - YO se. ’tS the m i t  i.a l va lues to the matrix

representing the complex amplitude. It the phase screen

mode l a s  used , subrout .  i ii , ’ Y O l  sets  va lues  of the complex

amp I a t ude c ! i  t he ’ s - i  ce- n  - If K SK I P .  N E .  0 in  a t  m . -t 1 va lues  are

ri- i - I from PASS.

~s ing  t he  model ot i r re’ ziil - a r i t ics , subroutine FLUCT

c a l c u l a t e s  d i e le c t r i c  l w - r m i t t i v l t y  f l u c t u a t i o n  and i t s

mean va lue  at two c) d) a C i ’f l t  2 levels.

Itoth A and K m a t r ic e s  of e q u a t i o n  ( 4 . 7 )  are stored

a n ? h .’ f o r m  of t h r e e  matrices: A , B, and C, and AA , RB and

CC . Matrices A and B contain off—diagona l elements of the

m a t r i x A . and m a t r i x  C c o n t a i n s  d i a g o n a l  e lements  of A.

N o t . -  tha t A - B .  S i m i l a r l y ,  M~ and BR contain off-diagonal

el emen t s  of the  m a t r i x  t~, w h i l e  in CC i t s  diagonal elements

-are stored . Again AA~ IaI3. The program was w r i t t e n  assuming

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



_ _ _ _ _  _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V.~~V.V. ~V.V.V. ~~V. V . V .~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -_ —

39

tha t  A— B and AA=BR but at should not be any problem with its

general izat ion.

Eleme n ts of th e-  m a t r i x  C a re  ca l c u l at e d  in the sub rou t ine

CTAB u s in g  o u t p u t  I rom the subrou t  in .- - FLUCT . I f  the  model

assumes no changes of the elect ron d e n s i t y  in the z direc-

tion , matrices C and CC can be calculated outside the loop

DO 2 J 1 ,N.

Subroutine MOZAX performs the m a t r i x  m u l t i p l i c a t i o n.

I t multiplies the matrix A by the matrix Y which contains

the complex amplitude at the preceding level or the initial

values.

Subroutin e- P}~o(cN solves the sys t em of equa t ions  u s i n g

the Thomas a l g o r i t h m  descr ibed in  Sect ion 4.
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